Glycine betaine is a compatible solute, which is able to restore and maintain osmotic balance of living cells. It is synthesized and accumulated in response to abiotic stress.
INTRODUCTION
Ability to adapt to fluctuations in external osmolarity is fundamental to survival of organisms. Glycine betaine (N,N,N-trimethylglycine), defined as betaine in this article, is one of the most common osmolytes and is synthesized by number of bacteria, plants and algae (1) (2) (3) (4) (5) (6) . Many halophilic microorganisms are capable of accumulating very high levels of betaine. Concentrations well above 1 mol/kg water have been reported (3, 7) . Also many plants synthesize and accumulate betaine in response to drought or salinity (5, 8) . In addition, correlation between cold tolerance and intracellular betaine concentration has been established (9-12).
Betaine is synthesized from choline by oxidation. A choline dehydrogenase has been shown to catalyze the two-step reaction of choline to betaine in many microbes (13) (14) (15) . Alternatively, the oxidation of choline to betaine can be catalyzed by a choline oxidase (16, 17) . In plants, the first oxidation step from choline to betaine aldehyde is catalyzed by a choline mono-oxygenase (18) . The second oxidation step from betaine aldehyde to betaine is catalyzed by a betaine aldehyde dehydrogenase. A betaine aldehyde dehydrogenase has also been found in number of microbes (13, 19, 20) and plants (18, 21, 22) .
Of all aerobic heterotrophic eubacteria investigated, only Actinopolyspora halophila and a related isolate synthesize betaine de novo (23) . In addition, halophilic archaebacterial methanogens (24, 25) , halotolerant and halophilic cyanobacteria (3) and halotolerant or halophilic anoxygenic phototrophic bacteria (23) have been shown to synthesize betaine from simple carbon sources.
The biosynthetic pathways of de novo synthesis of betaine are poorly understood. NMR 1 studies on archaebacterial methanogens have suggested that betaine might be synthesized from glycine by a series of methylation reactions (25, 26) . However, no enzymes catalyzing the reactions have successfully been isolated. A similar pathway has also been suggested to exist in anaerobic photorophic sulfur bacterium, Ectothiorhodospira halochloris (4) .
In this study, we describe the enzymology of betaine biosynthesis in E.
halochloris and demonstrate that a similar biosynthetic pathway exists in A. halophila. In addition, osmotic tolerance was improved when the genes encoding this pathway were cloned and expressed in E. coli.
EXPERIMENTAL PROCEDURES
Methyltransferase activity assay -A modification of the previously reported glycine-N-methyltransferase assay (36) HPLC analysis of sarcosine, dimethyl glycine and betaine -The reaction products were analyzed by HPLC using Aminex HPX-87C column as described earlier (37) . In order to detect the radioactive products formed in the enzymatic reaction, 200 µl fractions were collected during the chromatographic run and analyzed by liquid scintillation counter as described above. The products were identified using a standard containing 1 mM mixture of sarcosine, dimethyl glycine and betaine. Ultrafree MC 10 000 NMWL filter unit, Millipore). The concentrated sample (100 µl) was applied to a Superose 12 HR 30 (Pharmacia Biotech) column. 20 mM Tris-HCl, pH 7.5 containing 150 mM NaCl was used as the elution buffer with flow rate of 0.4 ml/min.
Purification of
The fractions containing GSMT activity were collected and concentrated by ultrafiltration (Ultrafree MC 10 000 NWML filter unit, Millipore).
Characterization of the purified proteins -The molecular weight was determined by analytical gel filtration with Superose 12 HR 30 (Pharmacia Biotech) column according to the instructions given by the manufacturer. SDS-gel electrophoresis was carried out using 12 % polyacrylamide gels according to standard protocol (40) . The N-terminal and tryptic peptides were purified and sequenced by using Perkin Elmer/Applied Biosystems Procise 494A protein sequencing system as described previously (41) .
Cloning of the genes -The genomic DNA from both microbes was isolated (42) . The genomic DNAs were partially digested with SacI and ligated to SacI digested 
Production of betaine in E. coli -Genes for E. halochloris GSMT and
SDMT were cloned to pQE-60 and the resulting plasmid was transformed to competent E. coli XL-1 Blue MRF´ cells carrying pREP4 plasmid (Qiagen) as described above.
MM63 medium (45) containing 5 g/l glucose and supplemented with 1.5 ml/l of vitamin solution VA (46), 2 g/l ampicillin and 25 mg/l kanamycin was used in the study. (Table 1) . Further analysis of the reaction products by HPLC ( Figure 1A) and activity measurement on sarcosine and dimethylglycine confirm that the organisms synthesize betaine from glycine in a three-step methylation reaction. Glycine is first methylated to sarcosine and then further to dimethyl glycine and betaine.
Isolation of the methyltransferases -In order to characterize the enzymology of the methylation pathway, the methyltransferases were purified from A.
halophila and E. halochloris cell extracts. Fractionation of A. halophila cell extract on Adenosine-Sepharose affinity column resulted in isolation of a 32 kDa polypeptide as judged by SDS-gel electrophoresis (data not shown). Molecular weight determination by gel filtration under non-denaturing conditions indicates that the protein is a monomer.
The purified enzyme showed activity on sarcosine (0.36 µmol min -1 mg -1 ) and dimethyl glycine (1.0 µmol min -1 mg -1 ). There was no activity on glycine. The enzyme was named according to the substrate specificity as sarcosine dimethylglycine methyltransferase (SDMT).
Isolation of other methyltransferases from A. halophila cell extract was not successful. Despite attempts to stabilize the methyltransferase activity on glycine, activity was lost within 30 minutes after preparation of the cell extract. On the contrary, the enzymatic activity on glycine was found to be stable in the E. halochloris cell extract.
After chromatographic purification, a 38 kDa protein was isolated. The enzyme had activity on glycine (0.52 µmol min -1 mg -1 ) and sarcosine (0.19 µmol min -1 mg -1 ).
There was no activity on dimethyl glycine. The enzyme was named glycine sarcosine methyltransferase (GSMT). 
Synthesis of betaine in vitro -

Expression of the methyltransferases in E. coli -
The functionality of the enzymes was further confirmed by overexpressing the isolated genes in E. coli under E.
coli phage T5 promoter ( Table 2) . The E. halochloris GSMT and SDMT were both Glycine N-methyltransferase catalyzing the first methylation step from glycine to sarcosine is known from mammalian cells and it is well characterized (28, 29) .
Also the crystal structure is available (30) . Despite the partially similar function, the properties of the mammalian enzyme are different. The substrate specificity of E.
halochloris GSMT is broader and it is able to catalyze the two-step reaction from glycine to dimethyl glycine. Moreover, sequence comparison with known methyltransferases
indicates that GSMT and SDMT belong to a previously unknown methyltransferase family. However, the consensus sequence for a SAM binding site -as suggested by Bork 
